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Leaf senescence is an active process involving remobilization of nutrients from senescing leaves to other parts of the
plant. Whereas senescence is accompanied by a decline in leaf cytokinin content, supplemental cytokinin delays se-
nescence. Plants that overexpress isopentenyl transferase (ipt), a cytokinin-producing gene, or knottedl (knl), a ho-
meobox gene, have many phenotypes in common. Many of these phenotypes are characteristic of altered cytokinin
physiology. The effect of knl on leaf senescence was tested by driving its expression using the promoter of the senes-
cence-associated gene SAG12. SAG:kn1l tobacco plants showed a marked delay in leaf senescence but otherwise de-
veloped normally. The delay in senescence was revealed by an increase in chlorophyll content in SAG:knl leaves
relative to leaves of the control plants and by a decrease in the number of dead leaves. Senescence was also delayed in
detached leaves of SAG:kn1 plants. Delayed senescence was accompanied by increased leaf cytokinin content in older
leaves expressing knl. These experiments extend the current understanding of knl function and suggest that in addi-

tion to mediating meristem maintenance, knl is capable of regulating the onset of senescence in leaves.

INTRODUCTION

Senescence is considered the final stage in leaf develop-
ment. It is an active, ordered process that involves mobiliza-
tion of nutrients from the senescing leaves to other parts of
the plant, leading to the eventual death of the leaf (Buchanan-
Wollaston, 1997; Gan and Amasino, 1997; Nam, 1997; Nooden
et al., 1997; Bleecker, 1998). A number of genes, referred to
as senescence-associated genes (SAGs), are upregulated in
leaves before or during senescence in different species. Some
SAGs share sequence similarity with genes expected to be
involved in the breakdown and mobilization of nutrients, such
as proteases, RNases, and glutamine synthetases (Smart,
1994; Buchanan-Wollaston, 1997; Buchanan-Wollaston and
Ainsworth, 1997; Gan and Amasino, 1997; Nam, 1997;
Weaver et al., 1997, 1998; Lers et al., 1998; Park et al.,
1998). The function of other SAGs has yet to be determined.
The senescence process is likely to be tightly regulated to
prevent it from occurring prematurely or in inappropriate tis-
sues, such as meristems and young leaves. Common regula-
tory elements, however, have not been identified among the
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promoters of SAGs (Buchanan-Wollaston, 1997; Weaver et
al., 1997; Bleecker, 1998), and single mutants with impaired
senescence have not been isolated (Buchanan-Wollaston,
1997), which implies complex and multiroute control of se-
nescence.

Senescence is delayed when cytokinins are applied ex-
ogenously (van Staden et al., 1988) or overproduced in
transgenic plants by use of an Agrobacterium cytokinin bio-
synthesis gene, isopentenyl transferase (ipt) (Estruch et al.,
1991; Smart et al., 1991; Li et al., 1992). A direct effect of cy-
tokinin on senescence was shown by expression of the ipt
gene under control of a senescence-specific promoter that
directs expression of the Arabidopsis cysteine protease,
SAG12 (Gan and Amasino, 1995). This construct was de-
signed to express ipt only at the onset of senescence. The
resulting transgenic tobacco plants had delayed senes-
cence and produced more flowers with no apparent effect
on morphology. Whereas plants expressing a -glucuroni-
dase (gus) construct driven by the SAG12 promoter
accumulated GUS during senescence, GUS did not accumu-
late in plants expressing both SAG:gus and SAG:ipt (Gan
and Amasino, 1995), confirming the senescence-specific ef-
fect of SAG:ipt.
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In addition to the delay in senescence, a number of phe-
notypes are characteristic of plants expressing ipt. Many of
these phenotypes are similar to those observed in plants
overexpressing the maize homeobox gene knottedl (knl),
including alterations of leaf shape, loss of apical dominance,
and the production of ectopic meristems on leaves (Medford
et al., 1989; Estruch et al., 1991; Li et al., 1992; Kano-
Murakami et al., 1993; Sinha et al., 1993; Lincoln et al.,
1994; Chuck et al., 1996; Hareven et al., 1996; Tamaoki et
al., 1997). Other phenotypes resulting from cytokinin over-
production, such as root growth inhibition, have not been
reported in plants that overexpress homeobox genes. knl
and its homologs from other plant species normally are ex-
pressed in shoot meristems (Smith et al., 1992; Kano-
Murakami et al., 1993; Jackson et al., 1994; Lincoln et al., 1994;
Muller et al., 1995; Hareven et al., 1996; Long et al., 1996)
and are essential for meristem maintenance and/or initiation
(Endrizzi et al., 1996; Long et al., 1996; Kerstetter et al., 1997).

The wide range of phenotypes characteristic of plants that
either overexpress homeobox genes or overproduce cytoki-
nin complicates our interpretation of any correlation be-
tween the two, due to the problems associated with
distinguishing primary and secondary effects. Here, we
studied the similarity of cytokinin and knl responses with re-
spect to their direct effect on leaf senescence in tobacco by
driving knl expression via the senescence-specific pro-
moter of the SAG12 gene (Lohman et al., 1994; Gan and
Amasino, 1995; Weaver et al., 1998). The resulting plants
exhibited a specific delay in senescence with no other de-
velopmental abnormalities. Cytokinin levels were signifi-
cantly increased in leaves that expressed kn1.

RESULTS

SAG:knl Plants Develop Normally but Are Delayed
in Senescence

Tobacco plants overexpressing the knl gene show a wide
range of phenotypes (Figure 1), including a marked delay in
leaf senescence (data not shown). To study the effect of knl
on senescence apart from its other effects, we expressed
knl under the control of the senescence-specific promoter
of the SAG12 gene (Lohman et al., 1994; Gan and Amasino,
1995). Nineteen independent transgenic tobacco plants (cv
Wisconsin 38; W38) containing the SAG:knl construct were
generated. Eighteen of the 19 T, families appeared morpho-
logically normal, except that they showed various degrees
of delay in senescence compared with nontransgenic sib-
lings. One plant had additional phenotypes that were non-
heritable. T, plants of two representative homozygous
SAG:kn1 lines, lines 16 and 18, were selected for detailed
analysis and compared with wild-type (W38) and SAG:ipt
plants. The overall morphology of SAG:kn1 plants, including

leaf development and flowering time, appeared similar to
that of wild-type and SAG:ipt plants (data not shown).

SAG:knl plants showed a marked delay in senescence.
Older leaves of a 5-month-old SAG:kn1 plant are compared
in Figure 2 with a control W38 plant of the same chronologi-
cal age. When the older leaves of the control plant began to
senesce, similarly positioned leaves of SAG:knl plants were
still green. To quantify this effect, we counted the number of
dead leaves on 3- to 5-month-old SAG:knl and control
plants every 1 to 3 weeks. For comparison, we also counted
the number of dead leaves of SAG:ipt plants grown under
the same conditions. Figure 3 shows the number of dead
leaves for control W38, plant lines 16 and 18 carrying
SAG:knl, and SAG:ipt plants. Leaves of both SAG:knl and
SAG:ipt plants senesced at a lower rate than did those of the
controls.

To further characterize the delayed senescence of
SAG:knl plants, we performed a leaf-detachment assay
with control and SAG:knl plants. Green healthy leaves of
comparable age were detached from the plants, and their
petioles were placed in water. Figures 2C and 2D provide a
comparison of mature leaves from control W38 and plant
line 18 carrying SAG:knl 2 and 5 weeks after detachment.
Starting 2 to 10 weeks after detachment, depending on the
age of the leaves when detached, control leaves gradually
senesced until complete necrosis occurred. SAG:knl leaves,

Figure 1. Overexpression of knl in Tobacco.

35S:knl plants are characterized by a reduction in leaf and plant
size, altered leaf shape, loss of apical dominance, delay in senes-
cence, and formation of ectopic meristems. At left is a leaf from a
nontransformed tobacco plant; at right is a 35S:kn1 branch.



Figure 2. Delay in Senescence of Intact and Detached Leaves of
SAG:kn1-Transformed Tobacco Plants.

(A) The lower portion of a control W38 plant at 5 months.

(B) The lower portion of a SAG:kn1 plant from line 16 at 5 months.
(C) Detached leaves of a control plant (left) and a SAG:knl plant
from line 18 2 weeks after detachment.

(D) Detached leaves of a control plant (left) and a SAG:knl plant
from line 18 5 weeks after detachment.

(C) and (D) show results from different experiments, and the leaves
were detached from different plants. Fully expanded green healthy
leaves were used in both cases.

however, maintained their green color and turgor for at least
10 weeks longer than did those of the controls.

As a measure of the photosynthetic capacity of the plants,
we measured the chlorophyll content in successive leaves of
SAG:knl, SAG:ipt, and control plants. Figure 4 shows the
increase in chlorophyll in a representative individual from
plant line 18, carrying SAG:knl, compared with a control.
The total chlorophyll content (chlorophyll a plus chlorophyll
b) is similar between control and SAG:knl young leaves at
the top of the plant (leaf 19). However, in older leaves
(leaves 1 to 17), the chlorophyll content is much lower in
control leaves than in SAG:knl leaves. Similar results were
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obtained with two repeats each of plant lines 16 and 18 car-
rying SAG:knl as well as with SAG:ipt plants (data not
shown). These data further establish that the delay in senes-
cence is the result of knl or ipt expression.

Levels of knl Transcript in SAG:kn1 Plants

To verify that the expression of knl under control of the
SAG12 promoter was restricted to leaves that were pro-
grammed to senesce, we performed RNA gel blot analysis
by using the knl cDNA as a hybridization probe. The devel-
opmental stages used are schematically illustrated in Figure
5A. In this figure, the terms “old,” “mature,” and “young”
designate developmental stages. No transcript was de-
tected in leaves of any developmental stage from control
plants or in SAG:knl leaves at developmental stages in
which the control leaves were still green (mature and young),
as shown in Figure 5B. As expected for the SAG12 promoter
(Gan and Amasino, 1995), the knl transcript was only de-
tected in leaves of SAG:knl plants at the chronological age
during which leaves on control plants had begun to senesce
(old). Because SAG:knl expression blocked senescence,
these leaves were still green.

Increased Levels of Cytokinin in SAG:kn1 Plants

The similarity between the effects of SAG:knl and SAG:ipt
on senescence raised the possibility that SAG:kn1 delayed
senescence by altering cytokinin physiology. To test this
possibility, we compared the cytokinin content of SAG:knl
and control plants at two stages, old and young (see Figure
5). Figure 6 shows that “old” leaves, expressing knl from the

14 _
0 was

wi2 | B SAG:kntline 18
% B SAG:kn1line 16
210 + B sAGipt
b
o 8
©
ks
© 6
[
E
E 4
=

2

0 : || z

12 13 14 15 16 19 21
Weeks after planting

Figure 3. Effect of SAG:knl and SAG:ipt on Leaf Senescence.

The number of dead leaves from four to six plants was counted at
different times after germination. Plant lines 16 and 18 carrying
SAG:knl were compared with SAG:ipt and the control, W38.
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Figure 4. Higher Chlorophyll Content in SAG:kn1 Plants.

Total chlorophyll (chlorophyll a plus chlorophyll b) was measured for
five 1.2-inch-diameter leaf disks in control (W38) and SAG:knl
plants from line 18. Leaves are labeled such that leaf 1 is the oldest.

SAG12 promoter, had ~15-fold higher cytokinin levels rela-
tive to leaves from control plants. The increase was primarily
from zeatin riboside-type cytokinins (zeatin, dehydrozeatin,
and their respective 9-ribosides), with some contribution
from isopentenyl adenine and adenosine (Table 1). Cytokinin
levels were ~1.5-fold higher in younger leaves of SAG:knl
plants before the accumulation of knl transcript.

DISCUSSION

We have used a senescence-activated promoter (Gan and
Amasino, 1995) to demonstrate a specific inhibiting effect of
the homeobox gene knl on leaf senescence. Tobacco
plants harboring the SAG:knl construct developed normal
morphology but had delayed senescence in both intact and
detached leaves. Cytokinin levels were significantly raised in
leaves of SAG:knl plants that expressed knl, suggesting
that the delay in leaf senescence may be mediated through
changes in cytokinin metabolism.

Relationship of knl to Senescence

SAGs have been isolated from several plant species. These
SAGs have been grouped by their timing of expression
relative to the onset of senescence or by their functions
(Buchanan-Wollaston, 1997; Nam, 1997; Weaver et al.,
1997). Some SAGs are similar to genes expected to be di-
rectly involved in senescence, such as genes coding for pro-
teases and RNases, but none appears to be a transcriptional
regulator. It is striking, therefore, that knl, presumably a
transcription factor, specifically delays senescence. Is knl
naturally involved in the negative regulation of senescence?

knl and members of this large gene family (Kerstetter et al.,
1994; Burglin, 1997) are expressed to high levels in mer-
istems and unexpanded stems but have not been detected
in leaves. Therefore, if knl negatively regulates senescence
in leaves, very low levels of knl are required.
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Figure 5. Accumulation of kn1 RNA in Leaves Induced to Senesce
in SAG:kn1 Plants.

(A) Diagram of control versus SAG:knl tobacco plants illustrating
representative leaf developmental stages. The terms “old,” “ma-
ture,” and “young” refer to the developmental status of the leaf
rather than to its chronological age. “Young” denotes green young
leaves; “mature,” mature green and healthy leaves; “old,” oldest
green leaves in controls and oldest leaves in SAG:kn1.

(B) RNA gel blot. Ten micrograms of total RNA from leaves of devel-
opmental stages young (lanes 1, 3, and 6), mature (lanes 4 and 7),
and old (lanes 2, 5, and 8) of control plants (lanes 3 to 5) and
SAG:knl lines 18 (lanes 1 and 2) and 16 (lanes 6 to 8) was loaded. The
blot was hybridized with the kn1 probe and with an rRNA (17S) probe.
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Figure 6. Cytokinin Content Is Increased in SAG:kn1 Plants.

Total cytokinins (see Table 1) are presented as nanograms per gram
dry weight (DW) for control plants and two independent SAG:knl
transgenic lines for two different developmental stages, old and
young (Figure 5A). SAG:knl old leaves were at the stage during
which kn1 transcripts accumulated. Control old leaves were the old-
est green leaves. Young leaves of control and SAG:knl plants were
the same age.

Is the mechanism by which kn1 delays senescence similar
to its normal function in the meristem? Both gain- and loss-
of-function phenotypes in maize support a role for knl in re-
pressing differentiation. knl loss-of-function mutants in the
B73 inbred background have fewer branch meristems and
extra determinate organs (Kerstetter et al., 1997). In other in-
bred backgrounds, knl recessive mutants fail to progress
beyond the production of the cotyledon (E. Vollbrecht and S.
Hake, unpublished data). These phenotypes suggest that
one of the roles of knl is to maintain populations of indeter-
minate cells in which differentiation is delayed or inhibited.
In maize leaves harboring dominant Knl mutations, the ec-
topic expression of knl causes cells of the leaf blade, the
flat, distal portion of the leaf, to adopt leaf sheath cell fates.
Because the proximal sheath portion of the leaf differenti-
ates after the blade portion, the blade-to-sheath conversion
is thought to result from a delay in differentiation (Freeling
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and Hake, 1985; Hake et al., 1995). Given that senescence
is considered the final stage of leaf development (Buchanan-
Wollaston, 1997; Gan and Amasino, 1997) and the inhibition
of differentiation by kn1l, it is possible that the delay in se-
nescence and meristem maintenance are mediated by simi-
lar mechanisms. In other words, knl expression blocks
developmental progression.

The effect of knl on leaf cells clearly depends on their de-
velopmental stage. Cells in a leaf primordium respond to ec-
topic knl expression by changing cell fate and rates of
division, resulting in striking morphological alterations to leaf
form (Lincoln et al., 1994; Sinha and Hake, 1994; Hake et al.,
1995). In contrast, we show here that cells in a fully mature
leaf respond to knl by a delay in senescence with no visible
morphological change. Alternate fates, depending on timing
of expression, have also been demonstrated for overexpres-
sion of the Antirrhinum transcription factor MIXTA (Glover et
al., 1998). Expression of MIXTA in cells that were actively di-
viding resulted in an excess of trichomes, whereas expres-
sion in cells after cell cycle arrest resulted in a change in cell
shape.

Certain SAGs show differential expression between natu-
rally occurring and artificially induced senescence (Becker and
Apel, 1993; Park et al., 1998; Weaver et al., 1998). SAG12 is
strongly upregulated by natural senescence at a stage at
which the leaf begins to yellow. The promoter is weakly up-
regulated in leaves that are detached from the plant (Weaver
et al.,, 1998). In the experiments reported here, we tested
natural senescence as well as senescence induced by de-
tachment of leaves in the light. SAG:kn1 delays senescence
in both systems. Interestingly, the senescence-delaying ef-
fect of SAG:knl plants was more striking in the detached
leaf assay than in naturally senescing intact plants. In view
of the weaker induction of the SAG12 promoter by leaf de-
tachment, lower levels of knl may act more efficiently to
delay senescence than do higher levels. Alternatively, de-
tachment per se may increase the effectiveness of knl by
reducing inhibitory activities that are specific for knl.

Table 1. Cytokinin Content? in Control (W38) and SAG:kn1 Plants

Leaf Age Genotype® Total ZR® pd Total IPAS pd ZR+IPA¢ pd
Ooldf w38 1.14 £ 0.43 1.07 = 0.28 221 +0.6
SAG:knl line 16 25.07 £ 0.96 4.8 X 1077 9.51 £231 0.01 34.58 + 2.69 2.3 X 1075
SAG:kn1 line 18 23.67 £ 1.45 3.4 X 1075 481 * 2.64 0.09 30.34 £ 2.23 6.7 X 1075
Youngdf W38 5.22 £ 0.82 0.83 = 0.32 6.05 * 0.60
SAG:knl line 16 9.93 £ 0.86 0.008 1.22 £ 0.35 0.45 11.14 = 0.88 0.003
SAG:kn1 line 18 7.46 = 2.08 0.28 1.98 + 1.98 0.43 9.44 * 4.06 0.27

aCytokinin content in nanograms per gram dry weight of tissue.

bThe number of samples was four for W38 and for SAG:kn1 plant lines 16 and 18.
¢ Cytokinin content is expressed as zeatin riboside (ZR) or isopentenyl adenosine (IPA) equivalents based upon reactivity of HPLC-purified frac-

tions with anti-ZR and anti-IPA monoclonal antibodies in an immunoassay.

4P is (T < t) for two-tail t test, assuming equal variances.
eZR, zeatin riboside-type; IPA, isopentenyl adenine and adenosine.
fSee text for definition of “old” and “young” leaves.
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knl and Cytokinin

The similar effect of SAG:ipt and SAG:knl on senescence
adds to previous observations showing that misexpression
of both knl and ipt early in development can reduce leaf
size, alter leaf shape, reduce apical dominance, and pro-
mote ectopic meristem formation (Figure 1; Estruch et al.,
1991; Li et al., 1992; Sinha et al., 1993; Chuck et al., 1996;
Williams-Carrier et al., 1997). A possible interpretation of
these similarities is that knl induces cytokinin production.
Ectopic expression of knl homologs from tobacco and rice
has been shown to alter the levels of several plant hor-
mones, including an elevation in cytokinin (Tamaoki et al.,
1997; Kusaba et al., 1998). These changes in hormone lev-
els, however, could be secondary; therefore, they do not im-
ply a direct effect of knl on cytokinin production.

In this study, SAG:knl plants contained higher cytokinin
levels than did control plants. Cytokinin levels were 15-fold
higher than controls in older leaves, in which kn1l transcripts
accumulated, and 1.5-fold higher in young green leaves, in
which knl transcripts could not be detected. Notably, the
cytokinin levels in old leaves of SAG:kn1 plants, which were
expressing knl, were higher than in young leaves, whereas
in control plants, the cytokinin levels were higher in young
leaves than in old leaves. The striking increase in cytokinin
content in old leaves that accumulate knl transcripts sug-
gests that knl affects senescence through a specific effect
on cytokinin accumulation.

We also explored the possibility that elevated cytokinin
levels can induce knl transcription by isolating a probe for
NTH15, a knl homolog in tobacco that has an expression
pattern similar to that of knl (Tamaoki et al., 1997). Using
both reverse transcription—polymerase chain reaction and
RNA gel blot analysis, we were unable to detect NTH15 ex-
pression in SAG:ipt plants upon leaf senescence in detached
leaves, but we were able to detect it in tobacco apices (data
not shown). This finding does not rule out cytokinin-medi-
ated induction of knl homologs that play other biological
roles. Because knl mRNA and cytokinin normally accumu-
late in shoot apices (Smith et al., 1992; Jackson et al., 1994,
Letham, 1994), a cause and effect relationship between the
presence of knl and cytokinin has been difficult to defini-
tively determine. Only by placing knl expression in this
novel context—the senescing leaf—can such a correlation
be made. Additional experiments are required to determine
the extent to which this effect is direct; nonetheless, it is sig-
nificant that expression of a transcription factor that functions
in the meristem results in a specific accumulation of cytokinin.

The accumulation of cytokinin in younger leaves is clearly
secondary to the expression of knl and could represent cy-
tokinin transport from older to younger leaves. Gan and
Amasino (1995), however, did not observe a delay in senes-
cence in control plants that were grafted to SAG:ipt plants.
Alternatively, a signal from leaves that are expressing
SAG:knl may result in the higher cytokinin content observed
in younger leaves. Measurement of leaf cytokinin content in

SAG:knl plants before the induction of the SAG promoter
would help address this possibility. It is also possible that
young SAG:knl leaves express low levels of knl, which
were not detected in the RNA gel blots but were sufficient to
induce some cytokinin accumulation in young leaves.

Although we have demonstrated that knl expression
causes an elevation of cytokinin in SAG:kn1 plants, differ-
ences in the effects of overproduction of knl and cytokinin
demonstrate that these regulators are also controlling inde-
pendent processes. For example, SAG:ipt inflorescence
branches were thicker in diameter than were the branches
of SAG:knl or control plants (data not shown). In addition,
neither 35S:knl-expressing Arabidopsis plants nor 35S:kn1-
expressing tobacco plants have obvious root inhibition
phenotypes (data not shown), whereas excessive cytokinin
prevents roots from forming.

Identification of transcriptional targets of knl may help
investigations of the intriguing and complex relationship be-
tween knl and cytokinin. Recent progress in the identifica-
tion of putative cytokinin receptors, and of genes that are
rapidly induced by cytokinin (Kakimoto, 1996; Brandstatter
and Kieber, 1998), will also provide important tools. Equally
important will be the use of tissue-specific and inducible
promoters to separate primary and secondary effects.

METHODS

Nucleic Acid Experiments

An Ncol (partial)-Xbal fragment containing the knotted1 (knl) cDNA
(Vollbrecht et al., 1991), starting at the first ATG, was cloned down-
stream of a 2.18-kb fragment of the SAG12 promoter (Gan and
Amasino, 1995), followed by a nopaline synthase terminator. The
SAG12 promoter and SAG:ipt seed were kindly provided by R.
Amasino (University of Wisconsin, Madison). The SAG:knl plasmid
was transformed into tobacco plants (Nicotiana tabacum cv Wiscon-
sin 38) by Agrobacterium tumefaciens-mediated transformation, us-
ing the Agrobacterium strain LBA4404.

An EcoRlI fragment of the kn1 cDNA clone (Vollbrecht et al., 1991)
was used to probe the RNA gel blots. A rice 17S rDNA probe, kindly
provided by A. Theologis (Plant Gene Expression Center), was used
as a loading control for RNA gel blots. Reverse transcription—poly-
merase chain reaction was performed with 5 pg of total RNA from to-
bacco (cv Wisconsin 38) plants to obtain the NTH15 probe (Tamaoki
et al., 1997). The polymerase chain reaction product was cloned into
the T.A. cloning vector (Invitrogen, Carlsbad, CA) and used to probe
RNA gel blots.

Plant Material and Senescence Measurements

Tobacco plants were grown in the greenhouse, and leaves were la-
beled from oldest (nhumber 1) to youngest. At 1- to 3-week intervals,
the number of dead leaves was counted on four to six individual ho-
mozygous T, progeny of each independent transformant and aver-
aged. A leaf was considered dead when it was brown throughout and



brittle. Chlorophyll levels were measured (Moran and Porath, 1980)
and calculated (Inskeep and Bloom, 1985) on 1.2-cm-diameter leaf
discs collected into 2 mL of N,N-dimethylformamide. Two repeats
were averaged from each leaf sampled. Similar results were obtained
with two different individual T, progeny of each original transformant
and with controls.

Leaf Detachment

Fully expanded, green, healthy leaves were detached and placed in a
beaker with only the petiole in the water. The leaves were maintained
in a growth room with 16-hr-light and 8-hr-dark periods at 24°C.

Cytokinin Measurements

Leaves were removed from the plants, frozen, and lyophilized. Leaf
tissue (~100 mg per sample) was ground in liquid nitrogen, and cy-
tokinins were extracted by using 100% methanol for 30 min. After 9
volumes of 40 mM ammonium acetate, pH 6.5, were added to the
extracts, cytokinins were isolated on C18 SepPaks (Waters Associ-
ates, Bedford, MA), purified, and quantified using a previously de-
scribed combined HPLC-immunoassay method (Banowetz, 1992).
The immunoassay utilized monoclonal antibodies tZR3 (Trione et al.,
1985) and IPA3 (Trione et al., 1987) that were prepared against the ri-
bosides of zeatin and isopentenyl adenosine, respectively. Triplicate
measurements of each HPLC-purified cytokinin were performed, and
cytokinins were quantified in independent replicate samples of
young and old leaves from each genotype. These antibodies are re-
active with free bases, 9-glucoside and 9-ribosides of the respective
cytokinin (and in the case of tZR3, the dihydro-derivatives). The 9-glu-
coside contents are not reported here because they are relatively in-
active in bioassays (Letham et al., 1983). All cytokinin quantities are
expressed as zeatin riboside or isopentenyl adenosine equivalents to
reflect the fact that the antibodies were prepared against the cyto-
kinin ribosides.

ACKNOWLEDGMENTS

This research was supported by grants from the United States-Israel
Binational Agricultural Research and Development Fund and the Na-
tional Institutes of Health to N.O., a National Science Foundation grant
to S.H., and USDA-ARS funds to G.M.B. and S.H. Thanks to Don Chen
for technical assistance on cytokinin analysis; Leonore Reizer for the
illustration in Figure 5A and for comments on the manuscript; David
Hantz for greenhouse support; and Rachel Dent, Paul Overvoorde,
and S.H. laboratory members for comments on the manuscript.

Received January 11, 1999; accepted March 27, 1999.

REFERENCES

Banowetz, G.M. (1992). The effects of endogenous cytokinin con-
tent on benzyladenine-enhanced nitrate reductase induction.
Physiol. Plant. 86, 341-348.

knotted1, Cytokinins, and Senescence 1079

Becker, W., and Apel, K. (1993). Differences in gene expression
between natural and artificially induced leaf senescence. Planta
189, 74-79.

Bleecker, A.B. (1998). The evolutionary basis of leaf senescence:
Method to the madness? Curr. Opin. Plant Biol. 1, 73-78.

Brandstatter, I., and Kieber, J.J. (1998). Two genes with similarity
to bacterial response regulators are rapidly and specifically
induced by cytokinin in Arabidopsis. Plant Cell 10, 1009-1019.

Buchanan-Wollaston, V. (1997). The molecular biology of leaf
senescence. J. Exp. Biol. 307, 181-199.

Buchanan-Wollaston, V., and Ainsworth, C. (1997). Leaf senes-
cence in Brassica napus: Cloning of senescence-related genes by
subtractive hybridization. Plant Mol. Biol. 33, 821-834.

Burglin, T.R. (1997). Analysis of TALE superclass homeobox genes
(MEIS, PBC, KNOX, Iroquois, TGIF) reveals a novel domain con-
served between plants and animals. Nucleic Acids Res. 25, 4173-
4180.

Chuck, G., Lincoln, C., and Hake, S. (1996). KNAT1 induces lobed
leaves with ectopic meristems when overexpressed in Arabidop-
sis. Plant Cell 8, 1277-1289.

Endrizzi, K., Moussian, B., Haecker, A., Levin, J.Z., and Laux, T.
(1996). The SHOOT MERISTEMLESS gene is required for mainte-
nance of undifferentiated cells in Arabidopsis shoot and floral
meristems and acts at a different regulatory level than the mer-
istem genes WUSCHEL and ZWILLE. Plant J. 10, 967-979.

Estruch, J.J., Prinsen, E., Van Onkelen, H., Schell, J., and Spena,
A. (1991). Viviparous leaves produced by somatic activation of an
inactive cytokinin-synthesizing gene. Science 254, 1364-1367.

Freeling, M., and Hake, S. (1985). Developmental genetics of mutants
that specify knotted leaves in maize. Genetics 111, 617-634.

Gan, S., and Amasino, R.M. (1995). Inhibition of leaf senescence by
autoregulated production of cytokinin. Science 270, 1986-1988.

Gan, S., and Amasino, R.M. (1997). Making sense of senescence.
Plant Physiol. 113, 313-3109.

Glover, B.J., Perez-Rodriguez, M., and Martin, C. (1998). Devel-
opment of several epidermal cell types can be specified by the
same MYB-related plant transcription factor. Development 125,
3497-3508.

Hake, S., Char, B.R., Chuck, G., Foster, T., Long, J., and Jackson,
D. (1995). Homeobox genes in the functioning of plant meristems.
Philos. Trans. R. Soc. Lond. 350, 45-51.

Hareven, D., Gutfinger, T., Parnis, A., Eshed, Y., and Lifschitz, E.
(1996). The making of a compound leaf: Genetic manipulation of
leaf architecture in tomato. Cell 84, 735-744.

Inskeep, W.P., and Bloom, P.R. (1985). Extinction coefficients of
chlorophyll a and b in N,N-dimethylformamide and 80% acetone.
Plant Physiol. 77, 483-485.

Jackson, D., Veit, B., and Hake, S. (1994). Expression of maize
KNOTTED1-related homeobox genes in the shoot apical mer-
istem predicts patterns of morphogenesis in the vegetative shoot.
Development 120, 405-413.

Kakimoto, T. (1996). CKI1, a histidine kinase homolog implicated in
cytokinin signal transduction. Science 274, 982-985.

Kano-Murakami, Y., Yanai, T., Tagiri, A.,, and Matsuoka, M.
(1993). A rice homeotic gene, OSH1, causes unusual phenotype
in transgenic tobacco. FEBS Lett. 334, 365-368.



1080 The Plant Cell

Kerstetter, R., Vollbrecht, E., Lowe, B., Veit, B., Yamaguchi, J.,
and Hake, S. (1994). Sequence analysis and expression patterns
divide the maize knotted1-like homeobox genes into two classes.
Plant Cell 6, 1877-1887.

Kerstetter, R.A., Laudencia-Chingcuanco, D., Smith, L.G., and
Hake, S. (1997). Loss of function mutations in the maize
homeobox gene, knottedl, are defective in shoot meristem main-
tenance. Development 124, 3045-3054.

Kusaba, S., Kano-Murakami, Y., Matsuoka, M., Tamaoki, M.,
Sakamoto, T., Yamaguchi, I., and Fukumoto, M. (1998). Alter-
ation of hormone levels in transgenic tobacco plants overexpress-
ing the rice homeobox gene OSH1. Plant Physiol. 116, 471-476.

Lers, A., Khalchitski, A., Lomaniec, E., Burd, S., and Green, P.J.
(1998). Senescence-induced RNases in tomato. Plant Mol. Biol.
36, 439-449.

Letham, D.S. (1994). Cytokinins as phytohormones—Sites of bio-
synthesis, translocation, and function of translocated cytokinin. In
Cytokinins, Chemistry, Activity and Function, D.W.S. Mok and
M.C. Mok, eds (Boca Raton, FL: CRC Press), pp. 57-80.

Letham, D.S., Palni, L.M.S., Tao, G.-Q., Gollonow, B.l., and
Bates, C.M. (1983). Regulators of cell division in plant tissues.
XXIX. The activities of cytokinin glucosides and alanine conju-
gates in cytokinin bioassays. J. Plant Growth Regul. 2, 103-115.

Li, Y., Hagen, G., and Guilfoyle, T.J. (1992). Altered morphology in
transgenic tobacco plants that overproduce cytokinins in specific
tissues and organs. Dev. Biol. 153, 386-395.

Lincoln, C., Long, J., Yamaguchi, J., Serikawa, K., and Hake, S.
(1994). A knottedl-like homeobox gene in Arabidopsis is
expressed in the vegetative meristem and dramatically alters leaf
morphology when overexpressed in transgenic plants. Plant Cell
6, 1859-1876.

Lohman, K.N., Gan, S., John, M.C., and Amasino, R.M. (1994).
Molecular analysis of natural leaf senescence in Arabidopsis
thaliana. Physiol. Plant. 92, 322-328.

Long, J.A., Moan, E.l., Medford, J.l., and Barton, M.K. (1996). A
member of the KNOTTED class of homeodomain proteins
encoded by the STM gene of Arabidopsis. Nature 379, 66-69.

Medford, J.L., Horgan, R., El-Sawi, Z., and Klee, H.J. (1989).
Alteration of endogenous cytokinins in transgenic plants using a
chimeric isopentenyl transferase gene. Plant Cell 1, 403-413.

Moran, R., and Porath, D. (1980). Chlorophyll determination in
intact tissues using N,N-dimethylformamide. Plant Physiol. 65,
478-479.

Muller, K.J., Romano, N., Gerstner, O., Garcia-Maroto, F., Pozzi,
C., Salamini, F., and Rohde, W. (1995). The barley Hooded muta-
tion is caused by a duplication in a homeobox gene intron. Nature
374, 727-730.

Nam, H.G. (1997). The molecular genetic analysis of leaf senes-
cence. Curr. Opin. Biotechnol. 8, 200-207.

Nooden, L.D., Guiamet, J.J., and John, I. (1997). Senescence
mechanisms. Physiol. Plant. 101, 746-753.

Park, J.H., Oh, S.A,, Kim, Y.H., Woo, H.R., and Nam, H.G. (1998).
Differential expression of senescence-associated mRNAs during
leaf senescence induced by different senescence-inducing fac-
tors in Arabidopsis. Plant Mol. Biol. 37, 445-454.

Sinha, N., and Hake, S. (1994). The Knotted leaf blade is a mosaic
of blade, sheath, and auricle identities. Dev. Genet. 15, 401-414.

Sinha, N.R., Williams, R.E., and Hake, S. (1993). Overexpression of
the maize homeobox gene KNOTTED-1, causes a switch from
determinate to indeterminate cell fates. Genes Dev. 7, 787-795.

Smart, C.M. (1994). Tansley Review No. 64: Gene expression during
leaf senescence. New Phytol. 126, 419-448.

Smart, C.M., Scofield, S.R., Bevan, M.\W., and Dyer, T.A. (1991).
Delayed leaf senescence in tobacco plants transformed with tmr,
a gene for cytokinin production in Agrobacterium. Plant Cell 3,
647-656.

Smith, L.G., Greene, B., Veit, B., and Hake, S. (1992). A dominant
mutation in the maize homeobox gene, Knotted-1, causes its
ectopic expression in leaf cells with altered fates. Development
116, 21-30.

Tamaoki, M., Kusaba, S., Kano-Murakami, Y., and Matsuoka, M.
(1997). Ectopic expression of a tobacco homeobox gene, NTH15,
dramatically alters leaf morphology and hormone levels in trans-
genic tobacco. Plant Cell Physiol. 38, 917-927.

Trione, E.J., Krygier, B.B., Banowetz, G.M., and Kathrein, J.M.
(1985). The development of monoclonal antibodies against the
cytokinin zeatin riboside. J. Plant Growth Regul. 4, 101-109.

Trione, E.J., Krygier, B.B., Kathrein, J.M., Banowetz, G.M., and
Sayavedra-Soto, L.A. (1987). Monoclonal antibodies against the
cytokinin zeatin riboside. Physiol. Plant. 70, 467-472.

van Staden, J., Cook, E.L., and Nooden, L.D. (1988). Cytokinins
and senescence. In Senescence and Aging in Plants, L.D. Nooden
and A.C. Leopold, eds (San Diego, CA: Academic Press), pp.
281-328.

Vollbrecht, E., Veit, B., Sinha, N., and Hake, S. (1991). The devel-
opmental gene Knotted-1 is a member of a maize homeobox
gene family. Nature 350, 241-243.

Weaver, L.M., Himelblau, E., and Amasino, R.M. (1997). Leaf
senescence: Gene expression and regulation. In Genetic Engi-
neering (New York: Plenum Press), pp. 215-234.

Weaver, L.M., Gan, S., Quirino, B., and Amasino, R.M. (1998). A
comparison of the expression patterns of several senescence-
associated genes in response to stress and hormone treatment.
Plant Mol. Biol. 37, 455-469.

Williams-Carrier, R.E., Lie, Y.S., Hake, S., and Lemaux, P.G.
(1997). Ectopic expression of the maize knl gene phenocopies
the Hooded mutant of barley. Development 124, 3737-3745.



